Introduction
The performance of electromagnetic (EM) wave propagation methods of prospection, such as ground penetrating radar (GPR), is heavily dependent on the geophysical properties of the soil, especially the apparent dielectric permittivity (ARDP) and bulk electrical conductivity (BEC). A greater understanding of the relationships involved is important for improving the performance of EM wave propagation techniques, and in particular GPR surveys, which has many applications for near surface geophysics, such as archaeological prospection (Sciotti et al., 2003) and utility location (Thomas et al., 2007) . Improving the performance of these techniques will increase their utilisation, as there will be greater confidence in the survey results and improved cost effectiveness.
In addition, the number of undetected near-surface buried features is reduced, thereby significantly reducing the risk of excavation.
Several previous studies have shown links between the geophysical and geotechnical properties for soil including the soil particle size distribution (Gong, Cao and Sun, 2003; Ponizovsky, Chudinova and Pachepsky, 1999; Thring et al., 2014) , density (Gong et al., 2003; Hipp, 1974; Malicki, Plagge and Roth, 1996) , Atterberg limits and linear shrinkage (Thomas et al., 2010a; Thomas et al., 2010b) , but by far the most important factor is the water content. These studies have primarily focused on testing the relationships in the laboratory over a range of volumetric water contents (VWC) and temperatures, but with limited seasonal variation, to determine the relationships between the apparent permittivity and water content (e.g. Bridge et al., 1996; Curtis, 2001; Thring et al., 2014; Topp, Davis and Annan, 1980) . Whilst attempts have been made to characterise the suitability of different soils for GPR survey using basic soil information (Doolittle and Collins, 1995; Doolittle et al., 2010; Doolittle et al., 2007) and monitor the water content of the soil on a site scale at a single point in time (Ferrara et al., 2013a; Ferrara et al., 2013b) , significantly less attention has being given to the in-situ variation of the geophysical properties in a field environment due to changing climatic conditions. Curioni et al. (2012) showed that the ARDP and BEC vary seasonally and can be monitored using time domain reflectometry (TDR) in order to assess the performance of GPR, but efforts were limited to a single site at the University of Birmingham, UK. More extensive studies over a wider range of soils are crucially important to improve our knowledge of the seasonal effects on survey results.
This paper addresses this significant knowledge gap by presenting extensive, high quality, long term monitoring data of soil EM properties using bespoke TDR monitoring stations for three different sites with widely variable geotechnical properties. These data are used to determine how seasonal variation affects the geophysical properties and subsequent behaviour of EM signals used by geophysical sensors such as GPR.
This knowledge will allow better efficiency in geophysical survey planning and interpretation. With the most important factors for predicting the performance of geophysical sensors identified, existing data, for example using some available soil information and weather history data can be used to optimise the survey.
EM properties of soil and their effects on GPR
Electromagnetic (EM) wave propagation survey methods, such as Ground penetrating radar (GPR) are among the most widely used tools for the detection of subsurface features in a range of fields including civil engineering, mineral exploration, environmental management and archaeology (Conyers, 2004; Jol, 2009) . However, the detection of subsurface features relies strongly on the transmission behaviour of the applied EM signal through the soil, and the ability to detect features is limited by several factors: the depth to which the signal can penetrate through an attenuating soil, and the resolving capability of the signal in terms of the size of targets which can be detected, which is determined by the signal wavelength. In addition, the velocity of the signal is important for determining the depth of buried targets, which is important for planning subsequent ground investigations and usually requires some estimation and which is dependent on the geophysical soil properties.
The transmission of EM radiation such as that used by GPR through soil is affected by three main factors; the relative electrical permittivity, relative magnetic permeability and electrical conductivity, with differences in these properties governing the overall velocity (v; measured in m/s) and attenuation (α; measured in Np/m) of geophysical signals (Cassidy, 2009; Reynolds, 1997; Telford, Geldart and Sheriff, 1990) . Knowledge of the wave velocity is useful for estimating the depth of buried features and the frequency dependent velocity of the signal can be calculated using equation 1 (Schneider and Fratta, 2009) .
Where c is the speed of light in free space (≈3 × 10 8 m/s), μ is the magnetic permeability, ε' is the real part of the electrical permittivity representing energy storage mechanisms, " is the dipolar loss, σ is the DC conductivity and ω is the angular frequency. Changes to the velocity also cause refraction of the signal and reduce the frequency and wavelength of the transmitted signal, affecting the resolution of the survey and the minimum size of features which can be detected, estimated at around 25% of the wavelength (Conyers, 2004) . Another important factor is the attenuation constant (measured in Np/m), which describes the loss of the signal, thus restricting the depth at which targets can be detected which can be calculated using equation 2 (Thomas et al., 2007) .
Whilst the magnetic permeability is usually taken to be reasonably constant in time, the permittivity and conductivity are known to change with the soil properties, making the knowledge and prediction of their values important for survey planning. One way to measure these properties is using TDR, which transmits a short EM pulse into a coaxial transmission line that comprises a coaxial cable and a probe. The probe is generally made of two or three parallel metal rods inserted into the soil (Jones, Wraith and Or, 2002) . The travel time of the reflected signal can be used to measure the soil's ARDP (ε a ) of the soil (Robinson et al., 2003; Topp et al., 1980) and the signal attenuation is useful for determining the BEC (S/m) of the soil (Bechtold et al., 2010; Huisman et al., 2008) . From the components that make up the soil (solid particles, air and water), water affects the geophysical properties the most, and hence the method has been widely used to measure the water content of the soil by converting the ARDP to volumetric water content using a variety of mixing models (e.g. Ledieu et al., 1986; Topp et al., 1980) . These models have been widely reviewed (Mukhlisin and Saputra, 2013; Van Dam, Borchers and Hendrickx, 2005) and form the basis for many commercially available water content probes (e.g. IMKO GmbH, 2012) .
In practice the method has some limitations; firstly, due to the broadband nature of the EM pulse (between a few tens of KHz and 2 GHz), the TDR effective measurement frequency is undefined and a function of the medium within which the pulse is travelling (i.e. lower in more "lossy" conductive mediums). To address these issues, several attempts have been made to define an effective measurement frequency at which the TDR operates. This is usually defined as either the highest passable frequency in the EM pulse (Lin, 2003; Robinson et al., 2003; Topp, Zegelin and White, 2000) , the highest unfiltered frequency (Or and Rasmussen, 1999) , or, more usually, the frequency in the pulse containing the most energy (Robinson et al., 2005) , although it is generally considered to be similar to GPR (Chen and Or, 2006; Curioni et al., 2012; Huisman et al., 2003; Weiler et al., 1998) thus making the methods directly comparable. Testing of the TDR used in this study confirmed this assumption, with effective frequencies determined by the return reflections rise time of 300 -500 MHz.
Secondly, an assumption made using this method is that dielectric loss mechanisms are small in relation to the real energy storage part of the permittivity, and that the magnetic effects are inconsequential in most soils (Robinson et al., 2003; Topp et al., 1980) . However, these assumptions are violated in certain soils, especially those with high conductivities (Bittelli, Salvatorelli and Pisa, 2008; Jones and Or, 2004 ) and the magnetic properties have been shown to have a significant effect even in modestly magnetic soils (Cassidy, 2007) . Nevertheless, the method possesses numerous advantages over other techniques for monitoring the seasonal properties as it is able to directly measure the same properties as the geophysical sensors. Furthermore, the ability to automate and multiplex measurements to collect data allows a high temporal and spatial resolution (Baker and Allmaras, 1990; Curioni et al., 2012; Evett, 1998; Evett, 2000) compared to traditional seasonality studies using repeat surveys.
Methodology Background
The field (study) sites used in this research were chosen as part of the "Detection of Archaeological Residues using remote sensing Techniques" (DART) project (Research Councils UK, 2016) , and involved different soil types and archaeological residues.
Extensive bespoke monitoring stations were developed and located at each of the sites to allow continuous long term monitoring of the EM properties of the soils up to 1 m depth. This paper focuses on the data obtained from these monitoring stations, which are applicable to all prospection applications with EM wave propagation techniques, rather than the archaeological aspect of the project, which is covered elsewhere (Boddice, 2015; Boddice et al., 2013; Fry et al., 2012) and will be addressed in more detail in subsequent publications. This section describes the sites, the monitoring station design and installation and how the data collected were processed.
Study Sites
Three sites were selected in the UK to represent a range of different soil types; two in Cambridgeshire (hereby designated site A and site B) on the East side of the country where the climate is typically warmer and drier, and one in Gloucestershire (site C)
where the climate is notably wetter (Met Office, 2014). All sites consisted of three main soil layers, a topsoil layer and two subsoils ( Figure 1 ).
One of the sites (site A) was predominantly made up of coarse grained soils while the other two were made of fine grained soils (sites B and C). Fine grained soils are known to cause the most difficulty during geophysical surveys. In order to characterise the soil on each site, suitable soil samples were taken for geotechnical testing, including undisturbed samples using monolith tins. Testing was carried out on each of the soils to determine their particle size distribution, particle and dry density, Atterberg limits and linear shrinkage according to methods outlined by BSI (1990) . The results of this testing are provided in Table 1 .
Monitoring station design and installation
The monitoring stations used were constructed using the TDR100 system using two levels of SDMX50 multiplexers and CS645 75 mm probes (all manufactured by Campbell Scientific, Logan, Utah). The monitoring stations were based on the design of Curioni et al. (2012) , who demonstrated a methodology for constructing and calibrating a TDR based monitoring station capable of long term data collection.
However, due to the remote location of the sites, the netbook was replaced with a datalogger (CR1000; Campbell Scientific) using a compact flash card module to increase memory (CFM100; Campbell Scientific) and to reduce power consumption.
The monitoring station batteries were also connected to a 120W solar panel, which it was calculated using solar insolation figures to ensure that the system could operate remotely without the need to change the batteries on a weekly basis (Boxwell, 2010) .
Finally, in order to better understand the effects of thermal properties of the soil, 16 thermistor probes (T107; Campbell Scientific) were used (one for each TDR probe) and connected to the datalogger. A schematic of the new design is shown in Figure 2 . The settings for controlling the TDR were configured to the same values as those described by Curioni et al (2012) as these were shown to give good results for long term field monitoring.
The calibration was carried out according to the methods stated by Curioni et al. (2012) , To test the derived values, further testing was carried out. For the ARDP calibrations, the probes were tested using air, water at different temperatures and acetone which have known dielectric permittivity values and the BEC calibrations were tested using additional KCl solutions of different concentrations and a reference conductivity meter. Errors in ARDP determination (expressed as the difference between measured and reference values) were found to be < 2% for all the probes and the errors in BEC were <5% for all probes at the range of conductivity values found in most soils (<1 decisieman), which are similar to those found by Curioni, et al. (2012) .
The installations were carried out in May 2011 (site C), June 2011 (site A) and August 2011 (site B), with the probes being buried at a number of depths on each site between 0.1-1m in vertical arrays. The monitoring stations were setup to take hourly readings of ARDP and BEC. Two of the sites (site B and site C) were monitored using a 16 probe array to provide duplicate data at each depth. This allowed for lateral variation and heterogeneity of the soil to be estimated, as well as providing some redundancy in case of probe failure during the monitoring period of the project.
Analysis of the data from the duplicate probes showed good agreement throughout the monitoring period. In contrast, site A had a free draining soil and therefore was expected to be less geophysically complex and hence was monitored using an 8 probe array. Each site was also fitted with a weather station (Vantage Pro2; Davis instruments) to record precipitation, air temperature, wind speed and direction, humidity and pressure, and to estimate evapotranspiration (ET) in order to correlate the measured values to climatic conditions.
There were some initial stability issues with the monitoring stations, with regular gaps in data, seen in subsequent plots towards the start of the monitoring period. This was solved by using a different brand of CF cards and reducing the data collection rate.
Data Processing
Due to the volume of data being collected, it was deemed necessary to automate the analysis of waveforms collected by the monitoring stations. A series of functions written in a commercial software package (MATLAB; MathWorks Inc.) to deal with the large datasets were developed to analyse both ARDP and BEC type waveforms.
Further details of the mathematical processes used can be found in Curioni et al. 
Results and Discussion
In order to produce clearer plots, data from probes at similar depths and in the same these extremes, suggesting the soil exists in either a dry state after extensive periods of drying or in a saturated state. Other authors (Brunet, Clément and Bouvier, 2010; Scollar et al., 1990) have highlighted a period of water content stability between autumn and spring followed by a period of drying over the summer (June-August) until early autumn, when rain caused the soil to re-saturate to field capacity. Whilst the timescale of the dry and wet periods do not agree in the current study, it is likely that the unusual weather patterns over the monitoring period will have affected the typical seasonal variation. On site A (Figure 3a) where the monitoring period extended slightly later, towards the end of 2012 a third period was noticed, consisting of a large rise in the ARDP at greater depths (0.6m -1.2m), which seemed to unusually affect the bottom layers first, contradicting the usual models of infiltration after rainfall. One suggestion for this may be that this was caused by a rise in the water table.
Excavations carried out during the removal of the sensor in June 2013 suggest that the water table was indeed high during this period as it was located in the bottom of the trench (c. 1.2m depth). Much of the subsequent data were very noisy and fluctuating, possibly due the water table fluctuating during this period although it is more likely that this shows an equipment malfunction.
The measured BEC values on all of the sites (Figure 4) showed similar trends to the measured ARDP on all the sites, with rises after rainfall events and falls after periods of drying. This is not surprising as it has been shown that the BEC of soil is principally determined by its water content (Smith-Rose, 1933; Thring et al., 2014) , due to the increase in ions present in the rainwater and dissolved from the soil which create a greater number of conductive pathways. However, although the changing water content was responsible for the largest changes in BEC, on all the sites the BEC showed additional variations in measured values which were not apparent in the ARDP data, corresponding to rises and falls in the soil temperature (shown in Figure 5 ) during similar periods. This is in agreement with the findings of other authors who show the dependence of BEC on temperature (Campbell, Bower and Richards, 1948; Friedman, 2005) . It should also be noted that these variations were greater during the wet period due to the presence of additional dissolved ions.
For all of the studied soils, changes with rainfall primarily affected the topsoil and subsoils down to c. 0.3-0.5 m, with changes in the deeper soils occurring relatively infrequently and only after heavy rain following a period of extensive drying on the surface. This agrees with hydrological theory, which suggests that surface effects are dominant on infiltration capacity and therefore drying increases infiltration as the soil shrinks and pores are reopened (Beven, 2004; Horton, 1933) . Interestingly, the values of ARDP and BEC (Figures 3 and 4) taken from the shallower depth probes did not decrease as values from the soil layers below increased and the effects of rainfall on ARDP values at depth occurred within the same day suggesting an instant infiltration.
These observations can also be seen in data from other studies (e.g. Menziani et al., 2003) and suggest that the same water was not travelling down the profile, supporting the piston-like displacement of stored water infiltration theory (Hewlett and Hibbert, 1967; Horton and Hawkins, 1965) as opposed to the flow through unsaturated pores.
Whilst this behaviour is expected for fine grained soils (Youngs and Poulovassilis, 1976) , on the coarser grained site A (Figures 3a and 4a) this is an unusual result. One possibility is that as infiltration is largely controlled by the surface soil properties as highlighted above, the comparatively finer grained materials in the topsoil and upper subsoil have influenced the result. In contrast to the speed of infiltration, drying events during warm periods where evapotranspiration exceeded rainfall (shown as negative values on the bar charts) occurred at a much slower rate, requiring several days of dry weather before significant changes were observed on all of the measured soils. This is shown in greater detail in Figure 6 . This has also been observed in the data of other authors (Curioni et al., 2012; Menziani et al., 2003) and is due to the fact water can enter soil pores easier than it can escape due to surface tension (Haines, 1930) . As a result of this, the coarse grained site A soils with their smaller surface areas and holding potential dry at a faster rate and to greater depths than either of the other two clay dominated sites. This is shown by the steeper downward limbs in
Figures 3a and 4a occurring during periods of dry weather. Knight (1991) has also noted hysteresis in conductivity due to variation in the fluid distribution in the pores due to imbibition and drainage after multiple wetting and drying cycles. As conductivity is highly dependent on pore geometry whereas ARDP is less dependent at the measurement frequencies used. To investigate this, ARDP and BEC data has been divided up into periods of wetting and drying and plotted against each other. Data are shown in Figure 7 . No obvious differences between the wetting and drying cycles were evident due to pore water distribution, although this may be because the effects of temperature on BEC are much larger, dwarfing the effects of pore water distribution. (Figures 3a and 4a ). This is perhaps not surprising as laboratory testing on similar soils has shown the behaviour of both values with variation in water content to be linked to the clay content and specific surface area of the soils (Thomas et al., 2010a; Thomas et al., 2010b; Thring et al., 2014) . However, as the values on the fine grained soils were typically up to double those of site A, it is almost certain that fine grained sites also had greater water contents as differences in published ARDP-BEC-VWC relationships between different soils (Thring et al., 2014) are not large enough to explain a difference of this magnitude. This result is not surprising as clay soils are known to have higher soil water potentials due to their greater surface areas (Fredlund and Xing, 1994; Rawls, Brackensiek and Saxton, 1982) , and it is suggested that the higher values on fine grained soils are mainly the result of higher water contents, with differences in relationships between VWC and geophysical properties playing a more minor role.
Significant differences existed in the measured
In order to assess which geotechnical properties were most important for determining the seasonal variability, a multi-variate statistical analysis using principal component analysis (PCA) was used with the geophysical properties (ARDP, BEC and magnetic permeability), temperature and geotechnical properties (particle size distributions, Atterberg limits, particle and dry density, total porosity, linear shrinkage and loss on ignition). PCA consists of a mathematical procedure used to reduce the complexity of datasets consisting of multiple correlated variables by rotating the data to a new coordinate system, determined by uncorrelated variables (known as principal components) which account for a proportion of the total data variance (Jolliffe, 2002) .
The percentage variation accounted for by each new principal component is displayed in the scree plot (Figure 8a ), which shows that around 80% of the measured variation expressed just using the first two principal components. A typical output of the PCA is the biplot (Figure 8b) , which displays the samples as points and the variables as vectors with respect to a new co-ordinate system and can be used to assess the correlation between different variables. The EM properties showed good correlation (positioned near to each other on the biplot) both with each other as well as with the clay percentage and the plastic and liquid limits of the soil, making these the most important factors for determining the soil's EM properties. This reflects its mineralogy and specific surface area, and indicates that the average water content of soils was strongly determined by the clay content and mineralogy over the monitoring period.
This supports the idea that the primary difference in geophysical behaviour is a function of the ability of a soil to hold water, as these variables affect the specific surface area of the soil which in turn determines the soil suction potential. It should also be noted that data from probes located in the same soil types displayed similar behaviour shown by the clustering of these points into small groups, thus confirming the dependence of the geophysical properties on the geotechnical soil properties.
Impact of Observed Seasonal Behaviour on Geophysical Survey Performance
Using a GPR is a balance between having sufficient resolution to detect the features of interest (best facilitated by high frequency antenna with short wavelengths), while retaining sufficient depth of penetration to reach them (which improves with lower frequencies due to the frequency dependence of EM attenuation). Soils where the loss tangent is low (< 0.1) are considered to be low loss whereas soils with high loss tangents (> 0.1) are termed dispersive, as they attenuate the signal faster, and shift the radar pulse's amplitude spectrum to lower frequencies, reducing resolution. Since the ARDP measured with TDR is done using the travel time of EM pulses of broadly similar frequency to GPR, and the BEC measured using the loss of the applied signal, this can be treated as broadly similar to the wave velocity and attenuation expected in different soil conditions respectively. As expected, GPR waves penetrate better and travel faster in dry conditions; i.e. when the two values are at a minimum. It is also important to account for changes in the wave velocity if accurate target depths are needed, as they differ significantly through the year. Another way to assess the performance of GPR is to take the ARDP to be indicative of energy storage mechanisms (i.e. ARDP ≈ ε' as is commonly assumed in TDR (e.g. Topp et al., 1980) and the BEC to be indicative of the loss mechanisms, as the majority of losses in wet soil are conductive and measured dielectric losses have been shown to be proportional to BEC (Topp et al., 2000) . In this instance, GPR could be said to work best when the ratio between loss and storage was at a minimum.
Assuming that ARDP ≈ ε' and the dielectric losses are proportional to the BEC as suggested by Topp et al. (2000) , approximations of the loss tangents for the studied soils were calculated using Equation 3.
Where σ DC is the measured BEC, ε a is the measured ARDP, ε 0 is the permittivity of free space and ω is the angular frequency, calculated from the rise time of the returning reflection for the ARDP waveforms using the method suggested by other authors (Robinson et al., 2005; Topp et al., 2000) . The results are shownin Figure 9 , where it can be seen that the 
Conclusions
Extensive long term monitoring of the key EM properties which affect the performance of GPR was conducted over three sites with different soil properties using bespoke TDR monitoring stations at a high temporal and spatial resolution. The key findings and conclusions from this research are:
• The high spatial and temporal resolution of the data provided unique insight into the seasonal variability of the geophysical soil properties, filling a gap in the literature to aid the understanding of how EM travel time techniques are affected. Across all of the studied soils, analysis of the data showed that the ARDP for all the sites was strongly correlated with the rainfall, and the BEC correlated with a combination of rainfall and soil temperature which varied throughout the data collection period. However, on all three sites, infiltration events only affected deeper soils (c. > 0.5 m) after several days of dry weather had caused drying on the surface. Interestingly, infiltration was very rapid after rainfall, even on the fine grained soil sites and was shown on all sites to be predicated by a piston-like method of water redistribution as the surface layers did not desaturate. In contrast, drying was a more gradual process taking several days of dry weather to decrease the measured values, but occurred at a greater rate and to a greater depth on coarse grained soils.
• Although the behaviour of the different soils in response to rainfall events was similar, large differences existed in the absolute values, with fine grained soils displaying greater values for ARDP and BEC throughout the survey period, which were the result in different volumetric water contents.
• It can be concluded that the soil moisture holding capacity is the most important factor for determining the seasonal geophysical behaviour of field soils, which has been shown to be a function of the surface area of the soil. The optimum time for GPR signal penetration on all soils was found to be in dry conditions and when the temperature was at a minimum, which occurred in early 2012, following one of the driest winters on record, although the optimisation of surveying was more critical on fine grained soils where the loss tangents were higher.
• These findings are important as they show the interaction between weather histories and soil properties, which is instructive for predicting the performance of GPR surveys using some knowledge of the soil properties and weather data obtainable from accessible databases. This is of great benefit both for survey planning in terms of time and sensor configuration (e.g. choice of antenna frequency), and for the processing and interpretation of the depth of targets based on the use of an average ARDP value, thus increasing the efficiency of geophysical surveys conducted with EM travel time methods. 
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